We demonstrate an optimized optical platform for the three-dimensional (3-D) visualization of crystalline lens opacities in vivo in the eyes of patients with different types and grades of cataracts. We developed a prototype long-depth-range swept source optical coherence tomography (SS-OCT) instrument operating at the speed of 50 kA-scans/second and at the central wavelength of 1 μm to perform high-resolution imaging of the whole anterior segment of the eye. Volumetric data sets of cataractous eyes were acquired and processed to obtain contrast-enhanced high-resolution images of lenticular structures and opacifications. The results showed lens micro-and macro-scale features related to possible cataract development such as cortical spokes, water clefts and enhanced scattering in the lens nucleus. The results demonstrate also the ability of this SS-OCT imaging to locate and characterize opacities quantitatively. The instrument might be a useful tool in the highresolution preoperative evaluation of crystalline lens opacities in cataract patients. McCarthy, and S. Y. Wu, "The lens opacities classification system III," Arch. Ophthalmol. 111(6), 831-836 (1993). 6. B. Masters, "Three-dimensional microscopic tomographic imagings of the cataract in a human lens in vivo,"
Introduction
Transparency of the human crystalline lens is provided by a specific organization of the lenticular cells, which limits both light scattering and absorption [1, 2] . Cataract is developed by the formation of opacifications of the crystalline lens, which becomes less transparent. Light propagating in the cataractous lens becomes diffused, which also degrades the contrast in the retinal image and affects visual quality [3, 4] . Age-related cataracts are leading causes of blindness nowadays affecting more than half the population of 75 + yo. The standard treatment of cataracts is based on the surgical replacement of the crystalline lens with an artificial intraocular lens.
The methods for detection and evaluation of cataract in vivo can be classified into two groups: imaging-based techniques and straylight measurement approaches. The first group utilizes images of the crystalline lens acquired with different technologies. Current clinical evaluation of lenticular opacities is mostly based on eye examination using slit-lamp microscopy. The subjective analysis of slit-lamp images of the lens is a basis for the cataract classification systems, e.g. Lens Opacification Classification System (LOCS III) [5] . Scheimpflug imaging enables visualization of the crystalline lens, and quantitative assessment of opacification can be performed with lens densitometry [6] [7] [8] [9] [10] [11] . The other lens imaging modalities include x-ray imaging, magnetic resonance imaging or B-mode ultrasound although they demonstrate several issues that limit their clinical utility [12] [13] [14] [15] .
The second group comprises the methods that measure degradation of the retinal image quality due to higher intraocular scattering. Straylight (forward scatter) component is determined objectively by implementation of a single parameter such as log(s) or the objective scatter index, which represents general behavior of the light beam propagating in the ocular media and does not provide any spatially resolved information [16] [17] [18] . The concept of straylight measurement is used in the commercial systems like C-Quant (Oculus GmbH, Germany) or Optical Quality Analysis System -High Definition Analyzer (Visiometrics SL, Spain) that have been introduced to clinical practice to assess intraocular scattering [17, [19] [20] [21] . The analysis of Purkinje images enables also determination of the corneal and lenticular contribution to intraocular scattering without any impact of the retina (as in the double-pass systems) [22] . The intensity of halo around the fourth Purkinje image (P IV ) increases with the amount of scattering. Finally, dynamic light scattering due to Brownian motion is applied to analyze changes in the lens on the molecular level since it can determine the size distribution of crystallins, which correlates with early formation of cataract [23] [24] [25] .
Detection of back-scattered photons is at the foundation of optical coherence tomography (OCT) -an infrared interferometric modality that nowadays constitutes a clinical standard in early detection of retinal pathologies [26, 27] . The development of OCT technologies enable cross-sectional (2-D) and three-dimensional (3-D) visualization of the ocular structures in the anterior segment and the retina [28] . OCT imaging of the anterior segment of the eye (including the crystalline lens) has been demonstrated in animal models and in humans using spectral-domain OCT (SD-OCT) and swept-source OCT (SS-OCT) [29] [30] [31] [32] [33] . In addition, attempts for qualitative and quantitative assessment of OCT images of cataract eyes have been presented but the studies were usually confined to the analysis of single cross-sectional images [34] [35] [36] [37] . However, opacifications can appear as multifocal micrometer spots in the crystalline lens, and some early forms of cataract are located in the lens periphery that develop towards the visual axis. Therefore, 2-D imaging of cataract eyes does not explore full potential of current technology, and it may lead to incorrect diagnosis.
In this paper, we demonstrate comprehensive visualization of crystalline lens opacities in vivo in patients with different types of cataracts. We utilize a prototype long-depth-range SS-OCT instrument developed to perform 3-D (volumetric) imaging of the whole anterior segment of the eye. We also present visualization strategies to enhance image contrast related to lens opacifications, and to identify features of lenticular macro-and micro-morphology in different types of cataracts.
Methods

Prototype SS-OCT instrument for anterior segment imaging
We developed a long-range SS-OCT system ( Fig. 1 ) which used a customized wavelengthswept light source operating at the central wavelength of 1050 nm (bandwidth 110 nm) and at the sweep rate of 50 kHz (duty cycle 60%; Axsun Technologies Inc., USA). The reduction of the sweeping rate (from standard 100 kHz to 50 kHz) enabled achieving a longer coherence length of the source. An asymmetric fiber-optic Michelson interferometric configuration (with the splitting ratio 80:20 between the arms) was used in the instrument to assure the power incident on the cornea (1.9 mW) did not exceed ANSI standards. The detection and acquisition subsystem consisted of a balanced photodetector (PDB-480-C, Thorlabs Inc., USA) and a digitizer of 0.8 GS/s bandwidth (National Instruments, USA). A built-in FPGA module enabled real-time preview ( Fig. 1(a) ). Additionally, the initial alignment of the subject eye was provided by the iris camera implemented in the interface of the instrument. The depth range of the system was 22.2 mm in air. The obtained sensitivity was 103 dB, and the signal roll-off was −6 dB at 11 mm. The measured axial and transverse resolutions in air were 8 μm and 43 μm, respectively. 
Optimization of the set-up
The optimization stage of the SS-OCT system was required to address the challenges of full anterior segment imaging. The entire procedure included minimizing the signal drop with depth and the choice of the optimum illumination optics. The real signal roll-off S SS-OCT (z) in SS-OCT is characterized by the factors like: instantaneous coherence function C(z) of the light source, bandwidths of the photodetector S PDB (z) and acquisition card S ADC (z) as well as by the light intensity distribution S illum (z) provided by the optics in the sample arm:
The first test of the set-up was the measurement of the coherence length of the light source. We used a fiber-optic interferometer with ultrahigh-bandwidth electronics (Fig. 1b) . Therefore, the interferometric fringes were detected with a dual-balance photodetector (PDB480C-AC, Thorlabs Inc., USA) and recorded by a scope (WaveMaster 804Zi-A, LeCroy GmbH, Germany) for different optical path differences. The normalized amplitude of the fringe C(z) indicates that −6 dB signal drop is observed at the depth (2·OPD) of 14 mm (Fig.  2a) . Later on, the reference mirror was moved in 1 mm steps, and the fringes were acquired using the actual imaging system with the detection and acquisition set-up described in Section 2.1 (Fig. 1a) . The point-spread functions demonstrate that significant differences between the coherence function and the signal roll-off in our instrument is present for the depths higher than 18 mm (Fig. 2a) . It means that we do not have significant inherent signal drop at the distances corresponding to anterior segment depth, and the system design provides practically a coherence-function-limited signal drop with depth. The optimization procedure enabled also the choice of an objective lens to assure uniform illumination of the imaged volume and sufficient photon collection efficiency. We imaged the left eye of the same 34 yo subject for different positions of the focus vs. the eye. In the experiment, current eye position was compensated by a translation of the collimator in the sample arm whereas the reference arm length was kept constant ( Fig. 1(c) ). Consequently, it was possible to examine only the impact of the depth of focus on the OCT image quality. The results demonstrate that the system interface with the lens of longer focal distance (f = 150 mm) is less sensitive to eye positioning vs. focus (Fig. 3) . Accordingly, the objective lens with focal length f = 150 mm was used in the following experiments. Moreover, the focus should be located ca. 7 mm away from the zero path difference plane to obtain the most optimum quality of the whole anterior segment image. Implementing the above-mentioned observations into the SS-OCT system, we determined real signal roll-off by measuring both interferometric fringes and the light intensity collected from the sample arm for different positions of the mirror in the sample arm. The data were normalized to the case at zero path difference. The plots in Fig. 2 (b) demonstrate real signal roll-off S SS-OCT (z) in the instrument, total light intensity collected from the sample arm and previously measured detection signal roll-off. The fringe amplitude is given by the following relation:
where I s and I r are intensities in the sample and reference arm, respectively, k is the wavenumber and z is the optical path difference. Therefore, we calculated the square root of axial intensity profile and multiplied with detection signal roll-off. The calculated roll-off coincided very well with the measured signal drop (blue and black dots in Fig. 2(b) ).
Scanning procedures
We imaged 50 eyes of 30 participants (mean age: 60 ± 18 yo; age range: 26-91 yo): subjects and cataract suspects without / with lens opacifications (12; mean age: 50 ± 21 yo; age range: 26-81 yo) or cataract patients before surgery (18; mean age: 67 ± 12 yo; age range: 36-91 yo).
No eye dilation was induced in subjects and cataract suspects during the experiments, and the measurements were performed under dimmed room lighting to avoid possible pupillary constriction. On the other hand, the cataract patients were scanned preoperatively after pupil dilation with 1% Tropicamide and a standard clinical examination. The procedures were approved by the institutional review board at the University of Murcia. The research adhered to the tenets of the Declaration of Helsinki. Each participant was informed about the nature of the study, and a written informed consent was obtained before imaging.
We used two types of scan protocols: high-definition (HD) cross-sectional images and 3-D volumetric data sets of the anterior segment covering 8 × 8 mm 2 or 16 × 16 mm 2 area (1900 × 50 A-scans for HD protocol or 300 × 300 A-scans for 3-D protocol, respectively).
Data processing
Initially, we reviewed the B-scans in the data set to make sure that no corneal opacities were present. Then, the lateral motion correction of B-scans in volumetric data sets was performed by manual shifting of the affected B-scans to obtain a circular shape of the pupil in the enface image. On the other hand, residual axial motion artifacts were corrected automatically based on extracted slow scan cross-section. Next, the crystalline lens signal only from the pupil area was taken into account since the crystalline lens signal is shadowed by the hyperreflective iris (Fig. 4(a) ). Then, anterior and posterior interfaces of the crystalline lens were segmented using edge detection. The nucleus of the crystalline lens was segmented by semi-automated fitting of two elliptic paraboloid surfaces. This was achieved in practice by a two-step process. First, the manual fitting two parabolas (anterior and posterior nucleus) in both perpendicular central cross-sections (horizontal and vertical) of the pupil area was done. Later on, the segmentation in other B-scans was obtained automatically by a simple axial shift of parabolas from horizontal central B-scan, and the shift was supposed to reveal the segmented parabola in vertical section. Thus, we were able to divide the crystalline lens into its anatomical components including: anterior and posterior capsule (both defined as the layer around anterior / posterior lens interface of the thickness of 260 μm, respectively), anterior and posterior cortex and the nucleus (Fig. 4(a) and Visualization 1). Such a virtual lens decomposition permitted calculation of parameters like maximum signal (intensity), the depth at which maximum intensity is found, voxel intensity sum and average voxel intensity for each part of the lens. In particular, central pupil area could be averaged to generate a densitogram (densitometric profile) or maximum OCT signal along sagittal (x) direction could be extracted to obtain side projection (y-z) (Fig. 4(b) ). In addition, the following enface lenticular projections (x-y) could be generated: maximum intensity projection (MIP), maximum intensity depth projection (MIDP; measured from the anterior capsule), sum voxel projection (SVP) or average intensity projection (AVP) (Fig. 4(c) ).
Results
Healthy young subject
The eyes of 7 subjects (mean age: 35 ± 6 yo; age range: 26-44 yo) with no lenticular opacification were imaged. As an example, the left eye of a 26 yo volunteer was scanned with long-range SS-OCT instrument to visualize the crystalline lens of a healthy young subject. Different visualization strategies of volumetric data included the rendered 3-D view, en-face view and averaged central cross-section of the anterior segment spanning the entire transverse anterior chamber width (Fig. 4(a) ). The anatomical details of the crystalline lens such as the capsule, cortex and nucleus can be easily distinguished and identified. The OCT signal in those components do not reveal any inhomogeneity, and the lens nucleus is less reflective than the cortex (Fig. 4(a) ). Visualization 1 includes a rendering of a volumetric data set, in which the crystalline lens has been segmented and colored, and the fly-through clearly demonstrates OCT signal homogeneity of the lens and the segmentation of the capsule, the cortex and the nucleus. Side view of the crystalline lens, being equivalent to slit lamp image, illustrates the clarity of the lens (Fig. 4(b) ). On the other hand, characteristic star-shaped pattern in both cortex en-face projections is observed, that can be associated with the crystalline lens sutures and fibers (Fig. 4(c) ) [38] .
Cataract suspects
We also imaged 5 cataract suspects (mean age: 71 ± 11 yo; age range: 55-81 yo) who have not been diagnosed with cataract at the time of OCT scanning. The images in Fig. 5 illustrate age-related changes in the crystalline lens. OCT cross-sections show different morphology features of the aging lens. The lenticular opacifications appear as hyper-reflective region directing from the lens periphery toward the center (Fig. 5(a) ). In another case presented here, the signal in the anterior cortex becomes less homogeneous across the lateral direction, which indicates that the regular organization of the collagen fibrils is disturbed (Fig. 5(b) ). Moreover, small volumes demonstrating hypo-reflectivity can be associated with vacuoles. Sagittal view of maximum intensity is characterized by a higher signal in the lens nucleus that is prerequisite for nuclear opacifications (Fig. 5(c) ). 
Cataractous eyes
Cataracts are primarily categorized into three types depending on which anatomical zone of the crystalline lens is obscured by the opacification. We imaged 18 patients with diagnosed age-related cataracts. Cataract grading was completed by an experienced ophthalmologist in accordance to the LOCS III system. In this section, we demonstrate the performance of SS-OCT system to visualize different types of cataract and we present the features of cataractous lens morphology.
The lens opacities confined to the cortex form cortical cataract. Some microstructural changes typical for cortical cataract were already demonstrated (cf. Fig. 5 ). The data sets in Fig. 6(a)-(b) show opacification of the crystalline lens typical for cortical cataract. Crosssectional images indicate hyper-intensive layer-like deposits that may cause shadowing effect in OCT images (Fig. 6(a) ). Those cortical spokes visible in the en-face MIDP views are characterized by highly scattering radially oriented wedge-shaped regions located either in the anterior or posterior part of the cortex (Fig. 6(a)-(b) and Visualization 2). The spokes (cuneiform opacities) are initially formed in the equatorial (peripheral) zone of the lens, and during cataract progression they extend towards the pupillary area limiting the vision significantly. The opacifications in the anterior cortex can also be accompanied by hypointensive regions, called water clefts, which are optically transparent (Fig. 6(b)-6(c) ). In addition to that, enhanced scattering is observed in the cortex at the posterior pole of the lens (Fig. 6(c) ).
In the nuclear cataract, the central part of the crystalline lens becomes cloudy and yellow over time. The opaque lens nucleus should exhibit more scattering, thus being easily detectable in OCT. The imaging of an eye with advanced nuclear cataract is illustrated in Fig.  6(d) . The cross-sectional image as well as the sagittal MIP show significantly higher signal in the lens nucleus of cataractous eyes. This is especially distinctive if one compares sagittal projections of the lens of the nuclear cataract patient (Fig. 6(d) ) with corresponding sagittal projections of the eyes of cataract suspects (Fig. 5) .
The last group contains the opacities subjacent to the lens capsule at the posterior pole. Posterior subcapsular cataract patient was a 36 yo female. The opacifications manifest here as increased scattering observed just beneath the lens capsule. The nucleus of the lens is clear with some microstructural changes demonstrated as separated dot opacities (Fig. 7(a) ). The subcapsular cataract can also be visualized in the cross-sectional images as hyperintensive anterior and / or posterior interface of the lens (Visualization 3). This type of opacification is shown clearly in maximum intensity projection maps associated with the anterior or posterior capsule (Fig. 7(b) ). (Figs. 6(d), 7(b)) .
Finally, we demonstrate an overview of the projection maps of representative eyes for different grades of cataract according to LOCS III scheme (Fig. 8) . We have selected different SS-OCT data visualization modes that facilitate quantitative assessment of previously mentioned cataract types. The cortical cataract was represented by maximum intensity projection taken from anterior and posterior cortex. This was supplemented with the maximum intensity depth map. The cortical MIPs reveal that the degree of cortical opacification is associated with the affected pupillary zone (Fig. 8(a) ). Cortical opacifications at higher grades take up a dominant part of the pupil area, which impacts the visual performance. Moreover, the nuclear opalescence was mapped using average voxel projections, which become brighter for more opaque nuclear cataract. More advanced nuclear cataract is characterized by a more opacified nucleus that scatters more light, and this is clearly indicated in the cross-sectional images and the projection map. Finally, maximum intensity projection of the posterior capsule was chosen to visualize opacities in posterior subcapsular cataract. In this case, the opacified area gets larger for higher grades in LOCS III scale ( Fig. 8(a) ). Quantification of the en-face projection enables determination of a single parameter that corresponds to the obtained LOCS III grade. Maximum intensities were integrated in cortical MIPs within the 5.5 mm-diameter circle. The same size of the zone was used to measure the nuclear opalescence by the median value in the obtained AVP. The median signal in the MIPs of the posterior capsule was also identified to represent the degree of opacification in that part of the crystalline lens. Those three selected parameters reveal the correspondence to the LOCS III grading although variability between the individuals is expected (Fig. 8(b) ).
Discussion and conclusions
The SS-OCT technology developed in this study belongs to image-based techniques for in vivo evaluation of crystalline lens opacities at micro-and macro-scales. There are several advantages of the demonstrated modality in the cataract assessment.
Firstly, system optimization methodology enables long-depth-range three-dimensional imaging with micrometer resolution. The access to volumetric data allows for generating virtually any cross-section as well as en-face and / or side projection maps contrasted with different parameters. As a result, one can perform comprehensive investigation of the microstructural changes of the crystalline lens anatomy, which are related to the development of different types of cataracts.
Secondly, the developed post-processing algorithm aims at the effective visualization of crystalline lens opacities. Although it requires semi-automatic segmentation of the lens interfaces and the lens nucleus, it can provide both qualitative and quantitative information on lens opacification. Separate clinical study will implement the proposed approach to grade the cataracts objectively.
Thirdly, the swept source technology used in the OCT set-up enabled high detection sensitivity and reduced signal drop with depth. It causes the whole anterior segment to be effectively visualized unlike Scheimpflug imaging, in which it is hard to image posterior part of the crystalline lens. However, the wavelength of light used in the set-up had to be carefully chosen. The highest contrast of opacities can be obtained with shorter wavelengths using visible light, which would be equivalent to the scattering effects in the eye. The closest wavelength range from those traditionally applied in OCT would be around 800 nm. However, the availability of swept sources operating around 800 nm and characterizing sufficient instantaneous coherence length is very limited. Therefore, a tunable light source operating at 1050 nm was used in this study. Another advantage of using longer wavelengths is that generally higher power levels can be safely applied, which enhances the performance characteristics of the imaging system. Consequently, this allows for compensate for decreased light penetration in the case of severe and advanced cataract.
On the other hand, OCT imaging of the crystalline lens is limited by the iris, which determines numerical aperture of the eye, since the iris blocks the light to penetrate deeper. The shadows appear in the OCT images posterior to the iris, thus making visualization of the peripheral regions of the lens impossible. Therefore, the entire analysis is limited only to the pupil area, which can be made larger to some degree by application of mydriatics. This in turn prevents the studies of early processes of cataract formation that mainly take place in the periphery of the crystalline lens.
It has to be noted here that the optical platform used in this study operates on the detection of back-scattered light despite the fact that actually forward scatter reduces retinal image contrast, which is a direct indicator of intraocular opacification.
We visualized and identified different features characteristic for cataract formation such as cortical spokes, water clefts, vacuoles and enhanced scattering in the nucleus [39] . Those observations come from age-related modifications of microstructural morphology of the crystalline lens (at different organizational levels) [40, 41] . The regular architecture of the lenticular cells (fibers) provides the transparency. However, in cortical cataract the disruption of the ultrastructure of the lens fibers due to their folding or breaking leads to the changes in scattering properties, which in turn impacts the SS-OCT images. In nuclear cataract, the local fluctuation of the crystallins and formation of aggregates seem to increase the scattering [2] . Finally, posterior subcapsular cataract is formed due to migration of metaplastic cells from the lens equator to the posterior pole, which causes production of defective fibers.
Preliminary results using this approach with less sophisticated analysis was applied to globally evaluate cataracts in another group of patients [42] . Apart from providing with the details of SS-OCT design optimized for opacity imaging, this report showed more advanced and more complex methodology of visualization of opacities located in different anatomical parts of the crystalline lens. Consequently, although no 3-D refraction correction algorithm was applied here, this approach allows for comprehensive analysis of lenticular opacifications attractive for clinicians. In addition, it is possible to extend the range of the instrument to obtain images of the retina and the vitreous areas. This was demonstrated by adapting a tunable lens into the optical setup [43] .
In conclusion, we showed an optimized optical platform for versatile imaging of crystalline lens opacities. In particular, we demonstrated that 3-D long-depth-range SS-OCT technology enables volumetric visualization of in vivo macro-and microstructural changes in the crystalline lens related to opacification. Access to volumetric data allows for postprocessing contrast enhancement due to the increased scattering inside the lens. Extraction of the quantitative information on the light back-scattering in lens components allows to consider SS-OCT as a lens opacity meter. The developed instrument has been optimized for crystalline lens imaging and can be considered as a useful tool in the high-resolution evaluation and management of the crystalline lens opacities in cataract patients. Quantification of opacities based on OCT images may help in diagnosing and grading cataract eyes. 
Funding
Disclosures
The authors declare that there are no conflicts of interest related to this article.
